Structural mass spectrometry with its various techniques is a powerful tool for the structural elucidation of medically relevant protein assemblies. It delivers information on the composition, stoichiometries, interactions and topologies of these assemblies. Most importantly it can deal with heterogeneous mixtures and assemblies which makes it universal among the conventional structural techniques. In this review we summarise recent advances and challenges in structural mass spectrometric techniques. We describe how the combination of the different mass spectrometry-based methods with computational strategies enable structural models at molecular levels of resolution. These models hold significant potential for helping us in characterizing the function of protein assemblies related to human health and disease. Significance: In this review we summarise the techniques of structural mass spectrometry often applied when studying protein-ligand complexes. We exemplify these techniques through recent examples from literature that helped in the understanding of medically relevant protein assemblies. We further provide a detailed introduction into various computational approaches that can be integrated with these mass spectrometric techniques. Last but not least we discuss case studies that integrated mass spectrometry and computational modelling approaches and yielded models of medically important protein assembly states such as fibrils and amyloids.
Early assembly mechanism for amyloidogenic β2-microglobulin revealed by cross-linking and native mass spectrometry . . . . . . . . . . 
Introduction
Proteins are key players in life executing critical tasks for cellular functions. These functions are often linked with their structural arrangements as well as their dynamic interactions with ligands such as proteins/peptides, nucleotides, carbohydrates or lipids. The structural analysis of proteins and the complexes they form with their interaction partners is therefore of paramount importance. Recent improvements in mass spectrometry made it an ideal tool for the structural analysis of proteins and their ligands [1] [2] [3] [4] [5] . It delivers information on the composition, stoichiometries, protein interactions and interaction networks as well as ligand binding [6] . There is a variety of techniques linked with mass spectrometry including proteomics, (chemical or UV) crosslinking, labelling techniques (such as hydrogen/deuterium-exchange) or mass spectrometry of intact protein assemblies, the latter is often coupled with ion mobility (IM) spectroscopy (see Table 1 ) [6] .
Mass spectrometric techniques target either the peptides produced by hydrolysis of the proteins using proteases (i.e. bottom-up approaches) or the intact proteins. The latter distinguishes between topdown proteomics, i.e. the fragmentation of the intact proteins during analysis, or the analysis of the intact proteins using "native" mass spectrometry [7] . The advantage of bottom-up approaches is the opportunity to unambiguously identify specific sites such as modified amino acid residues (proteomics) or binary interaction sites (cross-linking). A topdown approach, on the other hand, allows the quantitative determination of these sites in the same experiment. Native mass spectrometry determines protein complex' stoichiometries along with protein interactions and specificity of the ligands.
As the structure of a protein-ligand complex is directly linked with function, its malfunction is just as dependent. Nowadays mass spectrometry is playing an important role in structure elucidation of pharmaceutically relevant proteins as well as drug binding [8] . However, the information obtained from the various mass spectrometric techniques often yields low-resolution structures. One way to increase the degree of resolution and gain information unattainable by a single method is to bring together the information derived from various techniques [9, 10] . This has prompted researchers to develop computational tools and methods that allowed encoding structural information derived from various mass spectrometry-based experiments (as well as other techniques) into diverse sets of modelling restraints, i.e. establishing integrative modelling [11, 12] . The integration of these restraints into sophisticated algorithms for 3D model generation enabled determining the structure and in many cases the conformational dynamics of proteins and their complexes [11] . The wealth of computational tools and algorithms for structure-based prediction are exemplified by homology modelling [13] , and docking strategies [14] , for instance in drug discovery [15] or techniques such as molecular dynamics simulations [16] and de novo modelling.
In this review we summarise the advances of structural mass spectrometry in the study of protein-ligand complexes. We exemplify the different techniques through recent examples from literature that helped in the understanding of medically relevant protein assemblies. We further provide a detailed introduction into various computational approaches that can be used to bring together the information from the various mass spectrometric techniques. Last but not least we discuss case studies that integrated mass spectrometry and computational modelling approaches and yielded models of medically important protein assembly states such as fibrils and amyloids.
Structural mass spectrometry

Proteomics reveals changes in protein expression and post-translational modifications
The proteome is the entire set of proteins in a cell, an organism or a tissue at a defined time point and under defined conditions [17] . Proteomics, consequently, is the large-scale study of the proteome and nowadays mostly involves mass spectrometry-based protein identification [18] [19] [20] [21] . For this, proteins are usually hydrolysed using specific endoproteinases. The specific peptide mixture is then analysed in a mass spectrometer. Peptide and fragment masses lead to the identification of the protein(s) after database searching [22] . Depending on the sample complexity separation techniques on the peptide or protein level are included in the proteomics workflow [23] [24] [25] . Recent improvements in mass spectrometry enabled the identification of post-translational modifications [26, 27] and relative or absolute quantification of proteins [28, 29] on a routine basis. Notably, entire proteomes can nowadays be explored in very short time spans [30, 31] . As such several proteomes and their interactomes have been described to a high standard. Examples include the studies on Saccharomyces cerevisiae [32] [33] [34] , Drosophila melanogaster [35, 36] and even humans [37] [38] [39] .
Of the available techniques, quantitative mass spectrometry plays a major role in clinical proteomics [40] [41] [42] . In particular, the quantification of post-translational modifications, which are the regulatory Protein complexes need to be kept intact; modified instruments required; no direct interaction sites Identification of protein stoichiometries and interactions; topology; ligand binding; collision cross-sections; shape restraints switches in the cell, gained importance [26, 43] . As an example, a recent study employed quantitative proteomics to explore B-cell receptor signalling in Burkitt's lymphoma [44] which is heavily dependent on protein phosphorylation [45] . A comprehensive proteomic analysis of Burkitt's lymphoma model cell lines revealed the phosphorylation status of several hundred effector proteins dependent on B-cell receptor stimulation duration. Clustering analysis of phosphorylation sites elucidated early and later phosphorylation events of B-cell receptor stimulation. Combining this quantitative information with known proteinprotein interactions allowed generating a signalling network [44] (Fig.  1A ).
Cross-linking to study binary protein interactions
Another experimental way to study protein networks and interactions is chemical or UV cross-linking. This involves the use of chemical or UV-activatable reagents which are reactive towards functional groups of the protein in close proximity [46, 47] . Cross-linking thus generates covalent linkages within a protein or a protein complex leading to distance restraints which can be used in computational modelling approaches [48, 49] . The identification of cross-links, however, is not trivial. After digestion with endoproteinases, the generated peptide mixture includes linear peptides as well as cross-linked di-peptides. The latter contain sequence stretches from disparate regions of the same or different proteins and their identification therefore requires specialised software tools (e.g., xQuest [50] , MassMatrix [51] , StavroX [52] , pLink [53] ).
The structure of a protein or the complexes it forms is related to function. Over the last decade the various cross-linking strategies helped in the successful structural elucidation of many protein assemblies [3] . In combination with cryo-electron microscopy, crosslinking allowed generating high-resolution structures of large protein machineries [54] [55] [56] [57] . Likewise, cross-linking helped in elucidating medically relevant protein assemblies. A recent study used crosslinking to monitor the conformational states of the peroxisome proliferator-activated receptor-β/δ, which is involved in type 2 diabetes, lipid disorder and metabolic syndrome [58] [59] [60] . Employing various cross-linking reagents as well as incorporating a photo-reactive amino acid revealed stabilisation of a ligand-bound conformation [61] (Fig. 1B ).
Hydrogen-deuterium-exchange to study ligand binding and dynamics
A powerful way to study ligand binding to proteins classified as drug targets is by monitoring the exchange of labile protons for bulk deuterium in solution. This is commonly used in hydrogen-deuterium-exchange (H/D-X) where amide protons of the protein backbones are exchanged by deuterium in aqueous D 2 O-containing buffers [62, 63] . The uptake of deuterium depends on temperature and pH as well as solvent accessibility and hydrogen bonding of the amide protons; the latter two are indicators of protein conformational changes. Global analysis of the intact proteins usually involves differential comparison of protein conformations (e.g. bound versus unbound states). Digestion of the labelled proteins provides structural insights into particular sites of the proteins and their ability to exchange protons. As the exchange reaction is usually quenched at low pH (b 2.5) pepsin is the enzyme of choice [62, 63] . Comparing the time-dependent deuterium uptake of a protein under different condition gives rise to changes in solvent accessibility for example upon folding of a protein [64] or binding of a ligand [65] . Encoding such information into modelling restraints enables generating three-dimensional models of native protein assemblies.
Due to its ability to directly reflect conformational changes and dynamics, H/D-X has been employed in many studies to investigate drug/ligand binding. A recent example is allosteric inhibition of MCL-1, a major pathologic factor in human cancer [66] . MCL-1 is an anti-apoptotic BCL-2 family protein binding to pro-apoptotic BCL-2 proteins through a surface groove thus preventing apoptosis of cancer cells. H/ D-X and mass spectrometry helped elucidating an allosteric inhibition mechanism of MCL-1 by covalent modification through a small molecule [67] . Binding of MAIM1 (MCL-2 allosteric inhibition molecule 1) at an allosteric site causes conformational changes in MCL-2 and prevents binding of pro-apoptotic proteins [67] .
Native ion mobility-mass spectrometry reveals shape and topology of protein assemblies
A versatile application in structural mass spectrometry is the analysis of intact protein complexes, a technique often called "native mass spectrometry". It reveals protein interactions, stoichiometries, ligand binding and, in combination with IM, gives insights into the topology of the protein assemblies [68] [69] [70] . There are two pre-requisites, however: First, the protein assemblies have to be kept intact in the analysis buffer; contrary to the conventionally used organic solvents these are typically volatile, aqueous buffers. Second, the non-covalent protein interactions have to be maintained during analysis in the gas phase of the mass spectrometer. The latter is achieved by several instrument modifications mostly involving changes in the pressure to allow desolvation and gentle transfer of the macromolecules into the gas phase by collisional cooling [71] . In most cases, collisional induced dissociation (CID) is applied to strip subunits off intact protein assemblies, however, additional instrument modifications allow fragmentation by surface induced dissociation (SID) [72] , infrared laser radiation [73] , ultraviolet photodissociation (UVPD) [74, 75] and electron transfer dissociation (ETD) [76] -all deliver complementary information on the structural arrangements. In this way, many intact protein assemblies including ribosomes [77] , viruses [78, 79] , ATP synthases [80, 81] were successfully studied and their stoichiometries and in some cases conformations were determined. For both, native MS and native IM-MS experiments, specialised software was developed to facilitate data analysis. These include Massign [82] and Unidec [83] , which allow the determination of protein stoichiometries in heterogeneous assemblies and PULSAR [84] or Amphitrite [85] that enable the analysis of IM data including calculation of collisional cross sections. Further improvements in native MS also allowed the analysis of membrane protein complexes maintaining their interactions with lipids [86] [87] [88] .
Many membrane proteins are drug targets and consequently are the key players during various disease. A recent study employed high resolution native mass spectrometry to unravel binding of HIV protease inhibitors, metal ions and detergents to human zinc protease ZMPSTE24. ZMPSTE24 is involved in processing of lamin A, which is one of the major components of nuclear lamina [89] . ZMPSTE24 deficiency causes progeroid syndromes, which mimic physiological aging [90] . Mass spectrometry enabled monitoring cleavage of prelamin A in real-time and, furthermore, showed that ZMSTE24 protease activity was inhibited by HIV inhibitors revealing unknown side-effects of HIV drugs [91] . An example spectrum of HIV drug binding is shown in Fig. 1C .
Computational modelling techniques
Restraint-guided computational modelling
Computational strategies have emerged as invaluable tools for interpreting the structural and dynamic information extracted from complementary mass spectrometric techniques. The power of such methods lies in their ability to bring together information that otherwise will be reported independently. Typically, they involve two distinct but nonetheless related steps: a) sampling the protein or protein assembly configurations and, b) analysing the models generated. In the first step a search of protein configurational space is performed using established statistical averaging algorithms, i.e. Monte Carlo simulations and/or molecular dynamics (MD) such as replica-exchange MD. Depending on the structural information available, the proteins are represented by either low (e.g. coarse-grain, molecular envelopes or 2D images) or high-resolution structures (e.g. crystal or NMR structures, homology models), while in the cases of protein complex architectures hybrid representations can be employed [12] . These configurations are subjected to search for "good" structural models, guided by modelling restraints generated from the relevant experiments [92] . Such restraints can either be directly incorporated into the sampling algorithms by employing a scoring function [12, 92] or used to filter structural models generated by computational methods [93, 94] . Overall, the advantage of the first approach is that it can simultaneously integrate multiple types of restraints and as such to minimize the time required for downstream data analysis. The search will further be guided towards regions of the search space being more likely to be relevant. On the other hand, the second approach can yield structural models corresponding to the different restraints used without the need to repeat the sampling experiments. In either case the resulting model structures should match the input data and as such it would reflect the data used to generate them. For the purpose of this review we assume a modelling workflow that follows the first approach.
Ensemble analysis
Having generated the models matching the input experimental information, the second step of the integrative modelling workflow involves the data analysis and their subsequent interpretation. Ideally this should involve an iterative process where the structural models built are used to judge whether or not the experimental data are sufficient to guide us towards unambiguous solutions. It is therefore expected that in cases where the experimental information available are insufficient to yield credible model(s), additional experiments from the same or a different method are required. As such the data analysis and interpretation usually involves a model refinement step as well as computational algorithms to evaluate the distinctiveness of the solutions. The first allows enhancing the accuracy of the outputs by increasing the quality-of-fit between the models and the input data, while the second provides a measure of the precision of the method. In case of mass spectrometry-based integration, for which benchmark studies have shown that the accuracy of computational predictions is generally enhanced with increased amount of data used [12] , it is often difficult to determine the level of accuracy one would expect from the various datasets. This is often depending on the nature of the system studied and the type of mass spectrometric methods used. For instance, relatively high resolution cross-linking MS methods have scored high with respect to the accuracy of 3D structural predictions in relevant benchmarking exercises [48, 95] . On the other hand while lower resolution restraints such as subunit connectivity (native MS) [12] , CCS (IM-MS) [96] and solvent accessibilities (covalent labelling MS) [9] exhibit limited predictability, their computational integration allowed more accurate predictions demonstrating the power of integrative modelling strategies. Overall a current challenge in the field is the development of integrative mass spectrometry-based workflows for generating accurate three-dimensional models representing the optimal fit to the experiments.
Scoring structural models against multiple experimental data
Despite the advantages of the integrative modelling and docking strategies, they usually require careful handling of data uncertainties (e.g. false positives, errors) and of incomplete or heterogeneous information. To account for these, a Bayesian scoring function for guiding the sampling of protein configurational space can be followed. Such scoring function brings together the individual restraints by simultaneously accounting for a parameter that describes data uncertainties and/or heterogeneities. It is worth noting that careful consideration should be given when using a weighing function for the integration of restraints from diverse and heterogeneous sources. Weighting the individual terms is largely depending on the completeness, quality and amount of data obtained and may be subject of thorough analysis using known structures [48] . The scoring function finds the likelihood of a model structure given the input restraints derived from the various experiments [9, 97] . Within this approach, a restraint can be expressed as a modelling feature (e.g. solvent accessibility, time-dependent uptake of deuterium, change in collision cross-section, ATD) quantified with respect to the data used to define it. A fully satisfied restraint can take a value of 0, while violations of all restraints would result to a value of 1 [96, 98] . The most likely structural model will be the model that exhibits the least violation of restraints given the probability distribution.
Software tools for integrative modelling
Multi-scale software tools that enable integrative modelling of protein complex assembly and dynamics are the Integrative Modelling Platform [92] and HADDOCK [99] , while docking algorithms based on geometric complementarity and energy considerations include for instance PatchDock [100] or Firedock [101] . Individual software modules and packages have so far used different mass spectrometric techniques to inform protein complex modelling. These include ion mobility [94, 96] , native MS [12] , cross-linking MS [48, 97, 102, 103] , covalent labelling MS [9] and HDX [104] as well as the integration of MS-based techniques with EM [105] and NMR [93] . Computational modelling of heterogeneous datasets, including MS-based techniques, has been exemplified in particularly large and dynamic assemblies such as the nuclear pore complex [98] , the eIF1:eIF3 translation initiation complex [106] , the proteasome [48, 103] , amyloidogenic proteins [107] [108] [109] and the ATP synthase [81] .
Modelling protein assembly dynamics
Despite all these noteworthy progresses, most of these tools are making predictions of static models without taking into account Fig. 2 . Modelling workflow to generate structural models of β2-microglobulin oligomers. Various mass spectrometric techniques were employed to gain information on stoichiometry and topology (native MS), shape and flexibility (IM-MS) and protein-protein interactions (cross-linking). These results were converted into structural restraints which were integrated with structures from X-ray crystallography or EM. The generated models were analysed by fitting structural restraints into the available structures. small or large scale conformational changes of proteins and their complexes. This is more problematic for the case where slow conformational changes occur which require significant amount of computational resources. As such a current challenge in the integrative modelling strategies is the development of tools that can monitor protein dynamics at time-scales comparable to experiments [110] . This becomes pertinent with the recent developments in complementary MS-based techniques targeting protein dynamics such as HDX-MS [111, 112] . The development of both the experimental MSbased methods and the computational algorithms for structural analysis holds great promise for enabling keen scientists to study the conformational states of large protein complexes, information that is often challenging to achieve using conventional strategies. Of note it is the potential of such tools to probe binding interfaces between protein and small molecules. As a consequence, it will allow researchers to generate testable hypotheses for the function of large protein complexes in the cell.
Integrating structural mass spectrometry and computational modelling -application examples
4.1. Early assembly mechanism for amyloidogenic β2-microglobulin revealed by cross-linking and native mass spectrometry A recent study highlighted the combination of mass spectrometrybased methods with integrative modelling and MD simulations for examining the mechanism of oligomer formation in β2-microglobulin [107] . β2-Microglobulin forms oligomers, which can aggregate into amyloid fibrils with serious clinical consequences (e.g. [113] ). By combining native, ion mobility and chemical cross-linking MS through a modelling strategy, an early assembly pathway for this important protein was proposed. In particular, native MS allowed the identification of early oligomeric intermediates ranging from monomer to tetramer, while IM-MS provided structural information that enabled shape restraints for interrogating computer-generated structures. This together with distance restraints from chemical cross-linking MS and by integrating with existing data from traditional structural techniques such as X-ray crystallography, NMR spectroscopy and electron microscopy, informed a modelling workflow (Fig. 2) . In this workflow, a multiscale modelling strategy was adopted comprising the use of a scoring function to bring together the data from various mass spectrometrybased sources and in vacuum molecular dynamics simulations to interrogate gas-phase model structures. This enabled the proposal of a step-wise assembly mechanism with domain-swapping for β2-microglobulin that may precede fibril formation [107] . Overall, the hybrid mass spectrometry approach used in this study demonstrated the power of combined experimental and computational workflow for understanding clinically relevant protein complexes that are often challenging targets in structural biology.
Insulin fibrillation examined by ion mobility mass spectrometry and molecular modelling
Insulin is a peptide hormone which forms fibrils under amyloidogenic conditions. A recent study investigated early oligomers of insulin preceding fibril growth by combining IM-MS with molecular modelling [114] . While mass spectra revealed monomers and dimers being the most abundant species, higher oligomers, up to dodecamers, were also observed (Fig. 3A) . Arrival time distributions of these oligomers obtained from IM-MS showed several conformations of these oligomers with the compact form in the highest abundance. IM-MS further allowed calculation of collision cross-sections of the oligomers.
The collisional cross-section and charge states obtained for dimeric insulin agreed well with the available crystal structure and the calculated net charge. The dimer was therefore split into two monomers (3+ Fig. 3 . Oligomerisation of insulin followed by IM-MS and molecular modelling. (A) Mass spectra of early oligomers reveal monomeric and dimeric insulin as the most abundant species (upper panel). Oligomers up to dodecamers were also observed (lower panel). (B) A novel assembly mechanism based on experimental data was proposed. The dimer forms the core unit in the higher aggregates. Adapted from [106] . and 4+ species) which were subjected to molecular dynamics simulations. Various conformations of the two monomers were observed and employed in protein docking to produce a dimer which was then subjected to MD simulations. Docking of the compact monomers yielded conformations of the compact dimers, while docking the extended monomers yielded the extended dimers. This approach allowed generation of the conformational family observed experimentally. Investigating the contact interface and stability of the dimers revealed that hydrophobic interactions are fundamental in the oligomerisation process. Comparing the results from a previous study [115] with the obtained collisional cross sections and oligomeric species obtained suggest a novel assembly mechanism in which the dimeric species may be the core stacking species in larger aggregates (Fig. 3B ).
Conclusions
We reviewed the emerging role of integrative mass spectrometry for predicting structural models of macromolecular assemblies. Overall, the future of structural mass spectrometry is hybrid and encapsulates the use of diverse methods for understanding the workings of biologically and medically relevant systems. We anticipate that the continuing development of mass spectrometry-based hybrid methodologies will contribute to consolidating the critical role of structural mass spectrometry in structural biology and will enable tackling challenges and limitations mainly associated with heterogeneity and dynamics currently frustrating individual approaches.
